The microphase-separation of Langmuir-Blodgett (LB) monolayers of a rhodamine B (RhB) endlabeled double hydrophilic block copolymer (DHBC), RhB-Poly(N,N-dimethylacrylamide)-block-poly (N,N-diethylacryl-amide) (RhB-PDMA 207 b-PDEA 177 ) and the 1:1 segmental mixture of PDEA and RhB-PDMA homopolymers was followed by AFM. The DHBC LB films revealed a loose distribution of nano-aggregates with variable geometries below the lower critical solution temperature (LCST) of PDEA (32 C) and low surface pressure (3 mN m −1 ). By increasing either the temperature above the LCST of PDEA or the surface pressure beyond the immersion regime of PDMA in the subphase (7 mN m −1 ) a dense nanopatterning was obtained. The absence of a corresponding regular nanopatterning in LB films of mixed homopolymers with the same composition highlights the role of the covalent bonding between PDEA and PDMA on the self-segregation of the two blocks at the air-water interface.
INTRODUCTION
Surface nanopatterning has received a great deal of attention in the past few years due to its potential in diverse areas as lithography, coatings and biosensors. [1] [2] [3] Block copolymers composed of immiscible polymeric blocks covalently linked form in the bulk regular nanometerscale patterns of various morphologies with features smaller than the resolution of the conventional lithographic techniques. [4] [5] [6] Since the size of the microphase separated structures is directly related to the length of the polymer blocks, the periodicity and shape of surface patterns are potentially controllable (tunable) at the nanometer scale. 7 The microphase separation in two-dimensional (2D) confined systems is an efficient method to prepare laterally patterned structures. Monolayers of amphiphilic copolymers spread at the air-water interface may yield a large variety of morphologies that can be transferred onto solid * Author to whom correspondence should be addressed.
substrates by the Langmuir-Blodgett (LB) technique and further visualized by several techniques, namely AFM. [8] [9] [10] [11] [12] The phase-separation in monolayers differs significantly from that occurring in the bulk due to both the interaction of polymer chains with the water subphase and their spatial confinement at the air-water interface. [13] [14] [15] [16] [17] [18] Besides the influence of the physical and chemical characteristics of the blocks (composition and functional groups, relative hydrophilicity, segmental ratio and molecular weight) the external stimuli as temperature, pH and light, or the thin film formation parameters (surface pressure, concentration of spreading solution and dipping speed) 19 20 also play an important role in the control of the desired surface patterning. Photocontrolled microphase separation of block copolymers in two dimensions has also been reported. [21] [22] [23] Diblock copolymers composed of one hydrophilic and another hydrophobic block are well-known to self assemble forming "surface micelles" at the air-water interface. 14 The hydrophobic block forms a 3D core that anchors the polymer at the interface, while the hydrophilic block, adsorbed at the air-water interface in a 2D pancake configuration, forms the shell around the hydrophobic core. [24] [25] [26] [27] Diblock copolymers with both blocks spreading at the airwater interface may also generate 2D nanostructures as a consequence of lateral microphase separation. This kind of nanostructuring was observed for the first time in LB films of poly(methyl methacrylate)-b-poly(octadecyl methacrylate) diblock copolymer by Kumaki and Hashimoto. 9 Double hydrophilic block copolymers (DHBCs), often referred to as "macrosurfactants," is a new class of amphiphilic molecules with increasing importance due to their usefulness, namely in the stabilization of colloidal dispersions in water. [28] [29] [30] [31] Recently, DHBCs have been used as templates for the preparation of nanomaterials, due to their good stabilization effect needed for the in-situ formation of various metal nanocolloids and semiconductor nanocrystals. [29] [30] [31] DHBCs, combining two different hydrophilic blocks, may form 2D nanostructures triggered by an external stimulus if one of those blocks is stimuli-responsive. 32 33 Variations in temperature or pH may change the hydrophilic character of the stimuliresponsive block and induce the 2D microphase separation and nanopatterning. N-substituted poly(acrylamides), showing a coil-to-globule transition around 30 C in water, are promising polymers to create patterns at the air-water interface, particularly if the morphologies can be reversibly tuned by the external stimuli.
The surface pressure-area isotherms and the laser scanning confocal fluorescence microscopy (LSCFM) images of LB films of RhB-Poly(N,N-dimethylacrylamide)-bpoly(N,N-diethylacrylamide) (RhB-PDMA 207 -b-PDEA 177 ) and the mixture of RhB-PDMA and PDEA homopolymers were reported recently. 34 35 The PDEA block, below its LCST (31-34 C), 36 adsorbs at the interface in a hydrated conformation surrounding the RhB-PDMA-core domains induced by rhodamine aggregation. Above LCST, the hydrophobic interactions between the dehydrated chains increase and the PDEA block self-segregates as dense domains, PDEA-cores, surrounded by the PDMAshell. This core-shell inversion by temperature increase was demonstrated by LSCFM images of LB monolayers of RhB-PDMA 207 -b-PDEA 177 deposited onto glass substrates. 35 The aim of this work is the AFM characterization of the tunable morphological patterns created by the microphase separation of RhB-PDMA 207 -b-PDEA 177 monolayers confined at the air-water interface. LB films of both the homopolymers mixture and the copolymer, at several temperatures and surface pressures, were visualized by AFM. This work highlights the role of the bonding between PDEA and PDMA on the self-segregation of the two blocks at the air-water interface. LB monolayers of RhB-PDMA 207 -b-PDEA 177 show a nanopatterning, that is absent in mixtures of PDEA and PDMA homopolymers, due to the covalent bonding between the blocks. This is, as far as we know, the first AFM study that compares the LB films of a diblock copolymer with the mixture of the corresponding homopolymers.
EXPERIMENTAL DETAILS

Materials
The polymers Poly(N,N-diethylacrylamide) (PDEA), RhB-Poly(N,N-dimethylacrylamide) (RhB-h-PDMA), and RhB-Poly(N,N-dimethylacrylamide)-block-PDEA (RhB-PDMA 207 -b-PDEA 177 ) were synthesized by sequential reversible addition-fragmentation chain transfer (RAFT) polymerization. Details of the synthesis and characterization of these polymers were described previously. 34 35 The RhB-PDMA homopolymer has the molecular weight Mn = 18900 g mol −1 (Mw/Mn = 1 07), the PDEA homopolymer has Mn = 33800 g mol The solvent chloroform from Fluka (puriss. p.a. grade, ≥99.8%), was used as received to prepare polymer stock solutions with concentrations in the range of 0.5-1.0 mg mL −1 . The ultra pure water used in the subphase was distilled and purified with the Millipore Milli-Q system (resistivity ≥18.2 M cm).
Surface Pressure Area Measurements
Surface pressure-area ( -A) isotherms were carried out on a KSV 5000 Langmuir-Blodgett system (KSV instruments, Helsinki) installed in a laminar flow hood. Procedures for -A measurements and cleaning were described elsewhere. 37 In each measurement, 50-100 L of solution was spread on the pure water subphase with a SGE gastight microsyringe. After evaporation of the solvent (∼15 min), the floating layer on the subphase was symmetrically compressed by two barriers at constant speed (5 mm min −1 ). The rate of compression varies in the range of 0.7-2.8 Å 2 segment −1 min −1 , depending on the amount of added material. The temperature of the subphase was maintained by a circulating water bath ±0 1 C and the range of working temperature was of 10-40 C. The -A isotherm does not change with the concentration of spreading solution in the working interval of concentrations 0.5-1.0 mg mL −1 .
Langmuir-Blodgett Deposition
The spread monolayers at the air-water interface were transferred onto freshly cleaved mica substrates by the vertical dipping method. The substrates were clamped parallel to the barriers and immersed in the subphase before spreading the polymer solution. After evaporation of the solvent, the floating layer was compressed up to the target surface pressure. Upon a relaxation period (∼15 min), the deposition was performed at constant surface pressure (3 and 15 mN m −1 ), with a dipping speed of 2 mm min −1 . The transfer ratios were close to unity (1 1 ± 0 2).
Atomic Force Microscopy (AFM)
Non-contact AFM mode was used to obtain the topography of the interlayers using a Molecular Imaging (model 5100) system. Silicon cantilevers having a constant force in the range 25-75 N/m and a resonant frequency between 200-400 kHz were used. All images were recorded with 250 × 250 pixels resolution. The AFM images were processed using second order plane fitting and second order flattens routines. The leveling routines were applied in order to remove the z offset between scan lines and the tilt and bow in each scan line. All AFM images were processed using the same leveling procedure with the final images indicating a flat planar profile. Gwyddion (version 2.9) software was used to process the AFM images.
RESULTS AND DISCUSSION
The morphological patterns generated by microphase separation in LB monolayers of RhB-PDMA 207 -b-PDEA 177 , a double hydrophilic block copolymer (DHBC), were visualized by AFM and compared with the corresponding patterns generated in the mixture of PDEA and RhB-PDMA homopolymers with the 1:1 (PDEA:PDMA) segmental composition.
Figure 1(a) shows the -A isotherms of both the RhB-PDMA and PDEA homopolymers, the mixture of homopolymers for the 1:1 segmental ratio at the airwater interface and 20 C and the corresponding theoretical curve (crosses) calculated from the -A isotherms of PDEA and RhB-PDMA homopolymers. Both PDEA and PDMA adsorb at the water surface at low surface pressures. Upon compression, PDMA, the most hydrophilic homopolymer, desorbs into the subphase at nearly constant surface pressure (6-7 mN m −1 ), while PDEA desorbs at higher surface pressures (25) (26) isotherm of the mixture of homopolymers slightly deviates to larger areas than the theoretical curve. The limiting area per segment of PDEA, obtained by the customary extrapolation of the condensed region in the isotherm to = 0, is 26 Å 2 for PDEA homopolymer while in the mixture is around 14 Å 2 . The positive deviation at surface pressures below the first plateau indicates the presence of repulsive interactions between the hompolymers adsorbed at interface, while the positive deviation above the PDMA desorption (immersion) evidences that some PDMA chains remain anchored at the interface entangled with the adsorbed PDEA, thus contributing to the area occupied per segment.
The successive compression-expansion cycles of PDEA performed at surface pressures below the plateau are completely reversible (omitted). A different pattern with a significant hysteresis (Fig. 1(b) ) was observed when the compression-expansion cycles were performed at different target surface areas in the plateau region. Figure 1(b) shows cycle 1 performed up to ≈17 Å 2 per segment and cycle 2 up to ≈14 Å 2 per segment. The hysteresis increases with the extension of the plateau reached in the compression curve, indicating the progressive immersion of PDEA. The successive compression isotherms progressively deviate to smaller area per segment (omitted), indicating that desorption increases with the number of cycles. Similar hysteresis cycles were obtained for PDMA, indicating that both polymers are water soluble at room temperature. The hysteresis of the homopolymers mixture is almost the sum of the single homopolymer hysteresis, suggesting the nearly independent behavior of PDEA and PDMA at the air-water interface. relatively to the -A isotherm of the mixture of homopolymers (black line), while superimpose at the PDMA desorption plateau. This indicates that PDEA and PDMA, covalently bonded in the diblock copolymer, behave nearly independently in the coexistence regime at the interface, as expected for immiscible blocks (phase separation or ideal behavior). The negative deviation is attributed to the covalent bonding between the blocks that decreases the average distance between chains and consequently the area occupied per segment.
PDEA is a thermo-responsive polymer with a coil-toglobule transition around its LCST in water (32 C), at which the chains dehydrate, become more hydrophobic and collapses in a globule for temperatures above the LCST. 36 The -A isotherms of the PDEA homopolymer, the diblock copolymer and the mixture of homopolymers for the 1:1 segmental ratio are nearly invariant in the range 10-40 C, except at the PDEA desorption plateau. In fact, the change in PDEA hydrophobicity at the air-water interface is evidenced by the increase of the plateau surface pressure with temperature from 25 mN m −1 at 10 C up to 30 mN m −1 at 40 C. 35 However, the area occupied at the interface is almost invariant with temperature, implying that the thickness of the adsorbed film should decrease due to dehydration above the LCST. Figures 3 and 4 show AFM topographic images of LB monolayer domains resulting from the mixture of (PDEA:PDMA) homopolymers with 1:1 segmental ratio transferred onto freshly cleaved mica substrates at low pressures (3 mN m −1 ), at 20 C (M20 p3 ) and 40 C (M40 p3 ), respectively. The AFM topographic image M20 p3 in Figure 3 centred at 1.7 nm is associated with the PDEA domains (light) while that centred at 1.3 nm correspond to PDMA domains (dark). The assignment is based on the supposition that the more hydrophilic PDMA polymer, with shorter alkyl substituent groups, originates microdomains with a lower average height at the substrate. The topographic profiles are measured relatively to a continuous background (substrate or polymer monolayer).
LB Films of The Homopolymers Mixture
The scanned areas show that the PDEA and PDMA percentages are identical in all regions of the film, indicating a nearly uniform film in a large spatial scale, although heterogeneous in the nano-scale due to the segregation of the immiscible polymers. The strong interactions of each polymer chain with the water subphase, their immiscibility and restricted mobility favour the phase separation of PDMA and PDEA in very small domains (nanodomains) randomly distributed at 20 C, below the LCST of PDEA. The increase of temperature above the LCST of PDEA decreases the interactions with the water and enhances the mobility of chains, which favours the formation of larger domains of both polymers. In fact, the AFM topographic image M40 p3 in Figure 4 shows two regions of a heterogeneous film composed of dark and light coexisting regions larger than those observed at 20 C (Fig. 3) . The decomposition of the height distribution of Figure 4 (a) into two Gaussian curves reveals that the PDEA domains (h ≈ 1 4 nm) occupy a larger scanned area than the PDMA (h ≈ 0 9 nm) (∼65% and ∼30%, respectively). Contrarily, the image in Figure 4 (b) shows another region of the M40 p3 LB film where the low domains of PDMA (h ≈ 1 1 nm) are more frequent than the higher domains of PDEA (h ≈ 1 6 nm), (∼35% and ∼60% of the scanned area, respectively). The heterogeneity observed at 40 C (M40 p3 ) indicates an increased tendency of the mixed homopolymers to phase separation at higher temperatures. Additionally, the height of both domains slightly decreases with temperature as a consequence of dehydration.
Images M20 p3 and M40 p3 confirm the phase separation of homopolymers as suggested by the -A isotherms at the air-water interface. At 20 C, the irregular nanodomains randomly distribute over the whole sample. The temperature increase above the LCST of PDEA increases the lateral dimension of phase domains. At 40 C, patches of bright (rich in PDEA) and dark (rich in PDMA) extend over larger areas than at 20 C. (ii) Rods (210-710 nm) and cicular aggregates (100 to 500 nm) with heights around 3.1 nm represent 40% of scanned area. These condensed domains result from the self-organization of the less hydrophilic PDEA block. (iii) The dark matrix is composed of the expanded domains of PDEA and PDMA with heights around 2.1 nm. It is worthy of note that the distribution of rods and circular PDEA rich domains on the substrate is heterogeneous, the left region and the right bottom corner display a low density of domains while the remaining regions show a much higher domains density. The highest nanodomains (i) are associated with the aggregation of rhodamine covalently linked at the end of the PDMA block, as previously identified by the LSCFM images. 35 This suggests that the presence of rhodamine in the DHBC has a condensing effect similar to the hydrophobic block PDcA 11 in the PDcA 11 -b-PDEA 231 diblock copolymer. 34 The AFM topographic (5d) and phase (5e) images show the magnification of a small area of image (5a, red square) in a region where the highest nanodomains are absent. The high contrast phase image (5e) is dominated by a light background containing a small area of dark domains. The distribution and high percentage of light regions indicate that PDEA and PDMA domains, with different heights in the topographic image, exhibit similar elasticity in the phase image. Dark zones in the phase images are usually associated to regions of higher stiffness while the bright zones correspond to softer domains. 38 Accordingly, the stiff regions in the phase image are localized in the borders of the PDEA domains and distribute as dots in the matrix. Additionaly, the highest nanodomains present in the lager scale topographic images (e.g., Fig. 5(a) ) also appear as dark dots in the corresponding phase images, indicating that the dark regions in D20 p3 phase images are associated with rhodamine aggregates (data not shown). The scheme of D20 p3 (see Fig. 8 ) illustrates possible coexisting structures arising from the self-organization of PDEA and rhodamine-ended PDMA blocks. This drawing exercise indicates that the rhodamine at the end of PDMA is preferentially localized at the center and borders of the domains. Figure 5 (f) shows the domains height distribution of image (5d). The high domains at about 3.1 nm are due to the rods and circular domains of PDEA, while the lower level distribution around 2.0 nm is attributed to the rough/coarse dark matrix. Figure 6 shows that the increase of surface pressure to = 15 mN m −1 at 20 C (D20 p15 ) results in a change of morphology. The lateral phase separation at high surface pressures (D20 p15 ) is different from the one observed at low pressures (D20 p3 ). Image (6a) and the corresponding histogram (6b) show a bicontinuous morphology where the light domains occupy 75% of projected area, while the low domains and dark matrix area is significantly reduced to 22%. This suggests that the bicontinuous morphology result from the lateral merging/fusion of rods and circular domains formed at low surface pressures. The immersion of PDMA reduces significantly the projected area of lower domains and should increase the absolute thickness of both the bright and dark domains without changing significantly the heights relative to the continuous background. The relative height distribution of Figure 6(b) shows the formation of ∼2.2 nm (PDEA rich) and ∼1.2 nm (PDMA rich) domains slightly lower than the corresponding ones found in D20 p3 (Fig. 5) .
LB Films of DHBC
The AFM topographic (6c) and phase (6d) images were obtained by selecting a 1 × 1 m 2 region of the AFM image represented in (a, red square). The PDEA rich domains in the phase image (6d) appear in dark, revealing a stronger cohesion. The softer PDMA rich domains occupy the interstitial spaces and should also extend under the PDEA domains. Moreover, the high nanodomains of rhodamine above the circular domains at low pressures ( Fig. 5(a) ) almost disappeared and the dark dots of rhodamine dispersed in the PDMA matrix are also absent in the phase image (6d). These observations suggest that at 15 mN m −1 the aggregates of rhodamine do not form above the PDEA and PDMA domains, which contributes to the lower heights of PDEA and PDMA domains (2.2 nm and 1.2 nm, respectively) in D20 p15 , when compared with the corresponding heights (3.1 nm and 2.1 nm, respectively) in D20 p3 .
Figures 5(a) and 6(a) show that at 20 C, the surface pressure increasing from 3 to 15 mN m −1 promotes a drastic change in the distribution and morphology of domains. In the low pressures regime, both PDEA and RhB-PDMA blocks adsorb at the interface adopting expanded conformations. The PDEA domains are thicker than those of PDMA owing to the longer lateral ethyl groups in PDEA compared to the methyl groups in PDMA chains. Upon compression, the RhB-PDMA blocks immerse into the subphase anchored by the PDEA blocks adsorbed at the interface. The immersion of RhB-PDMA blocks disrupts the preexisting aggregates of rhodamine at the monolayer regime or displaces them into the subphase. Then, the LB films transferred onto hydrophilic substrates should comprise a double layer structure: the RhB-PDMA rich layer stays in contact with the hydrophilic substrate, under the condensed PDEA rich layer. This reasoning suggests that most of the PDMA stays under the PDEA domains, not contributing significantly to the projected area of the LB film. In fact, the projected area of the interstitial PDMA domains (22%) is much lower than the segmental fraction in DHBC (54% PDMA), which supports the proposed mechanism. Figure 7 shows AFM images acquired at different regions of the LB monolayer of DHBC transferred at 40 C and 3 mN m −1 (D40 p3 ). The hydrophobicity of PDEA increases above its LCST, consequently, the phase separation enhances and new morphologies appear at 40 C. Two distinct patterns were identified: the PDEA thermoaggregated region of rods and circular domains densely packed (images 7a and 7b); and the expanded region with a few high nanodomains dispersed in an apparent homogeneous matrix (images 7e and 7f). Rod and circular domains of PDEA in image (7a) occupy 85% of scanned area. The PDMA dark domains (expanded phase), surrounding the PDEA light domains (condensed phase), occupy all the interstitial PDEA space; phase image (7b) evidences the softer PDMA domains as thin strands. The height distribution (7c) indicates PDEA and PDMA domains with heights around 2.1 nm and 0.74 nm, respectively. The corresponding cross-sectional profile of image (7a) shows that the width of light domains is w ≈ 160 nm (7d). The dense packing of microdomains (image 7a) resembles the bicontinuous morphology of image D20 p15 (Fig. 6(a) ). The size parameters (w and h) of the long rods in the bicontinuous like morphology of both images are similar. The expanded region shown in the topographic image 7e reveals a fine structure of nano-sized domains (h ≈ 0 8 nm and w ≈ 20-30 nm). The topographic image (7f) and the respective cross-sectional profile (7g) show another region of the expanded phase with a few and high nanoaggregates (h ≈ 6-7 nm, w ≈ 80 nm) dispersed in a rough matrix. These nanodomains, also observed in D20 p3 (Fig. 5(a) ), were related to the rhodamine aggregation and represent less than 1% of the scanned area. Figure 7(h) shows the height distributions of domains in images (7e) and (7f). Both distributions present a single maximum around 1.0 nm, associated with the low expanded domains of PDMA and PDEA similar to the lower height level of Figure 7 (c). This fine structure of thin nano-sized domains is compatible with the self-segregation of both PDEA and PDMA blocks.
The coexistence of different morphologies in LB monolayers of DHBC at 40 C (Fig. 7, D40 p3 ) is a consequence of the phase separation that occurs above the LCST of PDEA. In fact, regions with both high and low density of domains were already identified in D20 p3 (Fig. 5(a) ). The temperature increase induces the thermal collapse of PDEA more visible in the rich PDEA domains. Thus, it is expected that regions of densely packed domains (7a) coexist with regions of sparse collapsed domains (7e) or (7f) accordingly to the cartoon in Figure 8 . It is interesting that the morphology of the expanded region (7e) is identical to the patterning observed for mixed homopolymers at 20 C (M20 p3 , Fig. (3(a) ), while the relative height of domains is lower due to chain dehydration with temperature increase (Fig. 3(b) , h ≈ 1 7 nm; Fig. 6 (h), h ≈ 1 nm). The nanopatterning observed by AFM was not discernible by LSCFM because by Fluorescence microscopy only the rhodamine dye attached to the -end of the PDMA (magenta dots in Fig. 8 ) is observed and the spatial resolution of LSCFM is lower than by AFM. However, the schemes proposed in Figure 8 support both the coreshell inversion ("schizophrenic" behavior) 35 observed by LSCFM and the nanopatterning observed by AFM with temperature increase. Figure 9 shows images of LB films transferred above the plateau, at 15 mN m −1 and 40 C (D40 p15 ). Image (a) shows a dense packing of domains irregularly shaped and sized. The large domains probably result from the fusion of rods and circular domains formed at low surface pressures, while new aggregates nucleate upon compression. In a smaller scale (1 × 1 m 2 , red square in (9a)), the topographic (9c) and phase (9d) images show both thicker PDEA hard domains (h 2 ≈ 1.9 nm) and soft PDMA domains (h 1 ≈ 0 7 nm) that resemble those observed at 
CONCLUSIONS
The self-segregation observed in LB monolayers of the mixture of homopolymers drastically differs from the nanopatterning observed in LB monolayers of DHBC. For the mixture of homopolymers a significant overlap of the high Gaussians distribution of PDMA and PDEA exists, resulting in topographic images of low contrast and poorlydefined structures below or above the LCST of PDEA. For DHBC, the overlap of the height Gaussians distribution of low and high domains decreases and the contrast of topographic images increases. Below the LCST of PDEA, at 20 C and 3 mN m −1 , the lateral nano-segregation of rods and nearly circular (PDEA rich) domains appear dispersed in an expanded matrix and the surface pressure increase above the immersion plateau of PDMA at constant temperature induces a dense distribution of rods in bicontinuous morphology (D20 p15 ). Above the LCST of the PDEA and low pressures, the thermo-collapse of PDEA creates two distinct regimes: a dense distribution of rods and circular PDEA domains and an expanded region. The expanded region disappears at surface pressures above the immersion plateau of PDMA, forming an asymmetrical distribution of the irregular shaped and sized domains.
The nanopatterning observed in DHBC but absent in the homopolymer mixtures shows that nanosegregation is strongly favoured by the covalent bonding between the PDEA and PDMA blocks and varies with temperature and surface pressure.
